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for  the  phenomenon  have  been  discussed  qualitatively.  For  example,  multiple  measured  in  this  work  are  discussed  within  this  framework.  For  lower  charge 


general  trend  of  tne  experimental  data. 


configuration  of  che  reaalnlng  L-shell  electrons 


yields  ere  considered,  che  trend  with  Cl  loos  cannot  be  described  by  the 


results  are  consistent  with  the  absorption  curve  calcu-  22-  L"  House'  Astrophys.  J.  Suppl.  Ser.  18,  21  (1969). 


TABLE  I 


I’K'MKCTll.K  K X-RAY  CROSS  SECTIONS  (10^  riu‘) 


Chlorine  l<»n*i  Sulphur  Ions 


N^Turget 

Incidents. 

103  MeV 

SUL 

4 

Ne 

Sill. 

4 

132  HeV 
H,S 

HCt 

Ar 

Ne 

SIH 

4 

120.7  MeV 

h2s 

HCl 

Ar 

* 

0 

257*20 

95i  8 

148*13 

165*17 

199*22 

232*25 

72*6 

105*9 

153*16 

155117 

178*18 

1 

103*9 

34*4 

57*4 

79*8 

8219 

98*11 

31*2 

41*3 

53*6 

60i  7 

69*7 

2 

7.2*0. 7 

7.010.5 

8.010.5 

8. 8*1.0 

8. Oil. 6 

8. 6*1.0 

6.710.5 

9.810.7 

10.1*1.4 

11.1*1.3 

11.3*1.2 

3 

3.4*0. 3 

3.1*0. 2 

3.910.3 

5.010.6 

4. 4*0. 8 

4.810.6 

3.710.2 

4.810.3 

4.9*0. 7 

5.6*0.7 

5. 6*0. 6 

4 

2.9*0. 3 

- 

- 

- 

- 

- 

3 

2. 4*0. 2 

- 

- 

- 

- 

- 

6 

. 

2.210.2 

2. 9*0. 2 

3.110.4 

3.310.4 

3. 6*0. 4 

7 

8 1.8*0. 2 
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TARGET  K X-RAY  CROSS  SECTIONS  (10‘19  cm2) 


0 

1 

$ 2 

3 

4 
3 
6 
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Chlorine  Ions  Sulphur  Ions 


105  MeV 
SI  K 

SI  K 

132 
S K 

MeV 

CL  K 

Ar  K 

SI  K 

120. 

S K 

7 MeV 
CL  K 

Ar  K 

14H.6 

13.0*1.6 

8.011.2 

6.312 

8.911.1 

1314 

14*4 

14*2 

8.110.8 

6.710.6 

4.110.6 

3.311 

2.4*1 

4.810.4 

4.912 

5.311.5 

6.110.8 

4.210.4 

4.310.3 

1.910.2 

1.710.6 

1.310.4 

2.910.3 

2.010.6 

1.210.3 

1.810.2 

3.310.3 

3. 3*0. 3 

1.610.2 

1.410.5 

1.610.4 

2.310.2 

1.610.5 

1.310.3 

1.410.2 

2.910.3 

- 

- 

- 

- 

2.510.2 

- 

- 

- 

- 

- 

1.210.2 

1.310.2 

1.210.2 

1.210.2 
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1.810.2 
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excited  states  calculated  in  a Brir.kman-Krair.ci  a calculation 
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ijectlle  charge  state  the  x-ray  yield  was  measured  the  perturbed-stationary-state  (PSS)  theory"  gives  a single  curv. 

of  tareet  pressure.  The  experiment  was  constrained  (x  marked  curve)  for  each  target  atom.  An  Increase  in  the  ratio 
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Two  different  incident  beaa  energies  are  shown 
spectrua)  and  42  MeV  (lower  spectrua) . 
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signal  has  no*.~alized  to  the  bean  charge  collected  in  a well-shielded  for  these  transitions.  The  present  lifetime  and  derived  oscillator 

faraday  cup.  The  foil  target  could  be  translated  parallel  to  the  bean  strength  results  are  shown  in  Table  2 along  with  the  theoretical  predictions 

direction  be  neans  of  a precision  screw  to  facilitate  time-of- flight  of  KiuJ  and  Desclaux  (1976).  It  can  be  seen  in  the  table  that  there 

lifetime  measurements.  For  spectral  studies,  a hollow  cathode  source,  exists  a lifetime  difference  between  the  J=3/2  and  1/2  levels  of  the 
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The  beam-foil  time-of-flight  method  has  been  used  to  investigate  radiative  lifetimes  and  transition  rates 
involving  An  =0  allowed  transitions  within  the  L shell  of  highly  ionized  sulfur.  The  results  for  these 
transitions,  which  can  be  particularly  correlation  sensitive,  are  compared  to  current  calculations  based  upon 
multiconfigurational  models. 


INTRODUCTION 

Transition  probabilities  or,  equivalently,  ab- 
sorption oscillator  strengths  (/  values)  for  atoms 
and  ions  are  fundamentally  important  atomic  quan- 
tities which  find  frequent  practical  application  in 
many  areas  of  research,  e.g.,  astrophysics,  laser 
physics,  and  plasma  physics.  For  example,  there 
exists  an  urgent  need  at  the  present  time  for  / 
values  of  resonance  transitions  of  high-/?  heavy 
ions  which  form  impurities  in  magnetically  con- 
fined thermonuclear  plasmas.1  These  impurities, 
although  only  believed  to  be  present  in  small  con- 
centrations, are  thought  to  contribute  strongly  to 
radiative  energy  losses  from  the  plasma. 

Recent  studies2  of  the  systematic  trends  of  di- 
pole (£1)  / values  along  isoelectronic  sequences, 
which  are  based  upon  the  nonrelativistic  perturba- 
tion expansion  of  / values  in  terms  of  the  inverse 
nuclear  charge,  have  proven  to  be  extremely  valu- 
able for  lcrw-to- intermediate-/?  ions.  Beam-foil 
results  in  this  region  have  been  very  instrumental 
in  the  establishment  of  such  trends  along  many 
sequences  including  the  detection  of  certain  / - 
value  anomalies  brought  about  by  configurational 
level  crossings  or  cancellations  of  transition  inte- 
grands. It  is  in  this  region  of  low  to  intermediate 
Z that  electron  correlation  effects  can  become  im- 
portant particularly  for  transitions  in  which  the 
principal  quantum  number  of  the  active  electron 
does  not  change  in  the  transition,  i.e.,  An=0 
(intrashell)  transitions.  These  intrashell  or 
"shell-equivalent"  transitions  are  particularly  cor- 
relation sensitive  owing  to  the  interpenetration 
of  the  electrons  of  the  same  principal  quantum 
number,  and  many-particle  atomic  models  which 
include  configuration  mixing  effects  are  used  to 
replace  the  simple  independent-particle  picture. 
Correlation  effects,  although  usually  most  impor- 
tant for  low -Z  ions,  are  not  entirely  negligible 
for  such  intermediate-^  ions  as  sulfur,  vhich  is 
being  studied  here.  For  some  transitions,  how- 
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ever,  limited  mixing  with  adjacent  configurations 
of  the  same  shell  is  found  to  be  sufficient  but  this 
may  not  be  the  case  for  other  transitions  studied. 
The  present  work  on  An  =0  transitions  within  the 
L shell  of  sulfur  ions  represents  a considerable 
extrapolation  in  nuclear  charge  along  the  isoelec- 
tronic sequences  of  all  the  transitions  studied. 
Results  for  even  higher-Z  ions  will  be  necessary 
in  order  that  one  may  confidently  extrapolate  the 
existing  nonrelativistic  systematic  curves  into  the 
very-high-Z  region  where  relativistic  effects  on 
/ values,  such  as  orbital  shrinkage  and  configura- 
tional effects  involving  the  breakdown  of  the  LS 
coupling  scheme,  become  appreciable.  Recent 
relativistic  /-value  calculations  by  Kim  and 
Desclaux,3  Weiss,4  and  Lin  and  Armstrong5  indi- 
cate that  in  the  cases  of  the  Li  and  Be  sequence, 
for  example,  the  calculated  / value  for  the  reso- 
nance lines  begins  to  depart  significantly  from  the 
nonrelativistic  value  around  Z ~25.  A selected 
number  of  experimental  beam-foil  results  in  this 
uncharted  relativistic  regime  could  greatly  serve 
to  guide  theoretical  progress. 

Comparisons  of  accurately  measured  electric 
dipole  transition  probabilities  or  / values  with 
calculations  of  such  quantities  afford  sensitive 
tests  of  the  correctness  of  the  wave  functions  in 
the  upper  and  lower  states  of  the  transition.  Two 
distinct  types  of  allowed  radiative  processes  can 
be  distinguished.  “Out -of -she  11,”  intershell  or 
An*0  transitions,  whose  rates  scale  as  Z4  along 
an  isoelectronic  sequence  and  "in-shell,”  intra- 
shell or  An  =0  transitions,  which  scale  linearly 
with  Z.  The  An*0  transitions  become  too  rapid 
for  the  beam -foil  time-of-flight  method  for  large- 
Z low-N  ions  (N  is  the  number  of  electrons)  but 
An  =0  transitions  remain  accessible  to  beam-foil 
studies  to  surprisingly  high  Z owing,  of  course, 
to  the  considerably  weaker  Z -scaling  dependence. 
It  is  these  An  = 0 transitions  of  the  type  2s22 />"- 
2s2p',*t  and  2p"-2p’,'*lI  within  the  L shell  of  sulfur, 
that  are  studied  in  the  present  work.  Figure  1 
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shows  a partial  energy-level  diagram  of  the  n = 2 
manifold  of  states  associated  with  the  carbonlike 
ion  S'°*  to  illustrate  this  type  of  transition. 

Such  An  = 0 transitions  are  particularly  important 
since  they  constitute,  for  example,  the  strong 
resonance  lines  of  atoms  and  ions  of  the  first  and 
second  rows  of  the  Periodic  Table.  Many  of  the 
transitions  studied  in  the  present  work  are  also 
prominent  in  the  solar  spectrum*  and  thus  could 
find  practical  application  in  sulfur-abundance  de- 
terminations, for  example. 

EXPERIMENTAL  METHOD 

The  Oak  Ridge  National  Laboratory  tandem  ac- 
celerator was  used  to  obtain  a magnetically  ana- 
lyzed 38-MeV  sulfur-ion  beam.  The  beam  was 
collimated  and  sent  through  a thin  carbon  foil 
(~5  pg/cm2  thickness)  which  served  to  both  further 
strip  and  excite  the  beam  ions.  In  this  method, 
the  beam-foil-excitation  technique,  the  post-foil 
beam  emerges  in  a distribution  of  charge  states 
whose  mean  is  determined  by  the  incident  beam 
energy.  The  charge  state  distribution  for  38-MeV 
sulfur  ions  incident  on  a thin  carbon  foil  is  shown, 
as  given  by  Wittkower  and  Betz,7  in  Fig.  2.  Ex- 
treme ultraviolet  (EUV)  radiation  emitted  in  flight 
by  the  decaying  foil-excited  ions  was  collected 


perpendicular  to  the  beam  direction  and  dispersed 
with  the  2.2-m  grazing- incidence  spectrometer 
shown  schematically  in  Fig.  3.  The  gold-coated 
(300  grooves/mm)  concave  grating  used  in  the 
instrument  has  a blaze  angle  of  2°4'  (blaze  wave- 
length of  191  A at  an  angle  of  incidence  of  87.5°). 

A hollow  cathode  discharge  source,  which  is  not 
shown  in  the  figure,  is  situated  directly  opposite 
the  entrance  slit  of  the  spectrometer.  This  source 
can  be  used  to  periodically  calibrate  the  instru- 
ment during  a run  using,  for  example,  the  well- 
established  resonance  lines  of  He  and  He*.  A low- 
noise  (-0.08  Hz)  electron  channel  multiplier  (chan- 
neltron)  is  positioned  behind  the  exit  slits  of  the 
spectrometer  and  a 90%  transmission  grid  is  used 
to  bias  out  stray  electrons.  The  spectrometer 
could  be  stepped  in  discrete  and  variable  wave- 
length intervals  and  the  detector  output,  which  was 
normalized  to  a fixed  amount  of  beam  charge  col- 
lected in  a well-shielded  Faraday  cup,  could  be 
stored  in  a multichannel  scaler  that  was  syn- 
chronized with  the  stepping  process.  Examples  of 
EUV  spectra,  taken  at  a fixed  distance  behind  the 
foil,  are  shown  in  Figs.  4 and  5.  The  linewidths 
[full  width  at  half-maximum  (FWHM)]  in  these 
spectra,  mostly  instrumental  in  origin,  are  0.75 
A.  Doppler  broadening  of  the  lines  due  to  the  finite 


FIG.  X.  Partial  energy -level  diagram  shearing  An  =0 
transition  within  the  a =2  manifold  of  states  in  the  car- 
bonlike Ion  S10*.  The  wavelengths  shown  are  multlplet 
averages  derived  from  Ref.  8. 
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FIG.  2.  Post-foil  charge  state  distributions  following 
the  transmission  of  a 38-MeV  sulfur-ion  beam  through 
a thin  carbon  foil. 
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FIG.  3.  Schematic  diagram  of  the  essential  experi- 
mental arrangement  used  in  the  present  work  (not  to 
scale) . 

but  small  entrance  aperture  was  negligible  in  this 
spectral  region.  The  spatial  resolution  along  the 
beam,  which  is  determined  by  the  beam-spectrom- 
eter geometries,  was  300  pm  in  this  experimental 
arrangement.  This  corresponds  to  a temporal 
resolution  of  ~20  psec  for  a 38-MeV  sulfur-ion 
beam. 

Time-of-flight  lifetime  measurements  were 
made  on  the  most  intense  and  unblended  features 
by  observing  (photoelectrically)  the  intensity  of  a 
wavelength- selected  line  as  a function  of  the  spa- 
tial distance  between  the  point  of  initial  excitation, 
i.e.,  the  back  surface  of  the  foil,  and  the  viewing 
region  of  the  spectrometer.  The  spatial  decay  can 
be  converted  to  a temporal  decay  via  the  constant 
velocity  of  the  beam.  For  transitions  involving 
unity  branching  ratios,  such  lifetime  measure- 
ments can  be  used  to  obtain  the  fundamentally 
important  quantities,  atomic  transition  probabili- 


FIG.  4.  Portion  of  an  EUV  spectral  scan  of  the  foil- 
excited  sulfur  source  from  ~ 250-300  A.  The  incident 
beam  energy  is  38  MeV.  The  charge  states  of  the  most 
prominent  features  are  shown.  The  linewldth  of  ~0.75  A 
(FWHM)  is  almost  entirely  Instrumental. 


FIG.  5.  Same  as  in  Fig.  4 except  wavelength  interval 
from  300—420  A. 

ties  ( A,j ) or,  equivalently,  the  multiplet  oscilla- 
tor strengths  (Jn\  via  the  well-known  relation- 
ships 

Atj  - 1/t, 

and 

fj{  = 1 .4992  x lO'1*  %j(gl  /g,)(l  /r, ) , 

where  t,  is  the  lifetime  of  the  upper  state  (sec), 
g,  ,gj  are  the  statistical  weights  of  the  upper  and 
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FIG.  6.  Typical  time-of-flight  decay  curve  for  an 
allowed  An- 0 transition  in  boronlike  sulfur.  The  x -0 
or  foil  surface  position  occurs  at  the  intensity  maximum. 
The  spatial  distance  of  0.2  in.  corresponds  to  a temporal 
delay  of  336  psec  using  a 38-MeV  sulfur  beam.  The 
semilog  plot  of  this  decay  is  seen  to  be  linear  over  more 
than  three  decay  lengths . 
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multiplet  wavelength  of  the  transition,  which  was 
derived  using  the  recent  tabulation  of  Fawcett.8 
The  present  results  are  estimated  to  be  uncertain 
to  ~ *10%.  Typical  tlme-of-flight  decay  curves 
are  shown  in  Figs.  6-8.  In  all  cases  possible  the 
intensity  decay  was  studied  to  at  least  three  decay 
lengths  in  order  to  look  for  long-lived  decay  com- 
ponents brought  about  by  cascading  and/or  line 
blending  within  the  instrumental  bandpass.  In  most 
of  the  work  studied  here  no  long-lived  components 
were  observed  in  the  decay  curves,  which  is  to  be 
expected  since  the  upper  states  involved  in  these 
allowed  intrashell  transitions  themselves  are  the 
longest-lived  excited  states  of  the  ion.  “Out-of- 
shell”  cascade  transitions,  whose  rates  scale  as 
a factor  of  Z’  faster  than  the  “in-shell”  rates,  are 
expected  to  “dump”  their  population  very  close  to 
the  foil.  We  were  very  careful  in  defining  the  point 
of  excitation,  i.e.,  x =0,  in  these  studies  in  order 
to  try  to  observe  very-short-lived  cascade  com- 
ponents but  again,  in  most  cases,  cascading  is 
not  found  to  be  a problem.  Cascades,  when  pres- 
ent, are  in-shell  processes.  Figure  6 indicates 
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FIG.  7.  Spatial  decay-in-flight  curves  for  resonance 
transitions  in  the  boronlike  sulfur  ion,  S11*.  The  upper 
and  lower  decay  curves  represent  the  decay  of  the  J = jj 
and  J =J  levels,  respectively.  The  semilog  plots  of  the 
decays  are  both  linear  over  more  than  three  decay 
lengths . 
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FIG.  8.  Spatial  decay- in-flight  curve  for  the  transition 
indicated  in  carbonlike  sulfur,  S18+.  The  semilog  plot 
of  the  decay  is  seen  to  be  linear  for  ~ 100  psec  which  is 
equivalent  to  approximately  three  decay  lengths. 


how  the  x =0  position  is  defined  by  translating  the 
foil  slowly  into  the  viewing  region  and  recording 
the  initial  build-up  in  intensity  to  a maximum. 

This  maximum  corresponds  to  the  viewing  region 
being  completely  filled  by  the  foil-excited  beam 
source.  In  the  other  decay  curves  of  Figs.  7 and  8 
the  intensity  decay  is  shown  starting  from  the 
measured  x =0  position. 

RESULTS 

Tables  I and  II  show  the  measured  lifetimes  and 
transition  rates,  respectively,  along  with  some 
theoretical  results.  The  calculations  of  Safronova 
et  al * and  Cohen  and  Dalgarno10  are  both  based 
upon  the  nuclear-charge  expansion  perturbation 
method  which  includes  only  limited  configuration 
interaction.  For  intermediate -Z  ions  such  as 
sulfur,  however,  there  appears  little  difference 
for  most  transitions  between  the  results  of  Safro- 
nova et  al  * and  those  of  Sinanoglu.11  The  latter 
results  represent  a more  sophisticated  electron 
correlation  treatment  (the  results  for  sulfur  ions 
are  derived  from  a linear  extrapolation  of  the  / 
value  that  is  quoted  by  Sinanoglu11  for  isoelec- 
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TABLE  1.  Lifetimes  in  highly  ionized  sulfur. 


Number  of 

Wavelength  (A) 

Lifetimes  (10-12  sec) 

electrons 

Upper  level 

Present  * 

Theory  b 

4 

256.70 

(2s , 2p)lP°i 

160 

135,'  129  d 

4 

308  95 

<2  P2)3P2 

168 

168,'  156  d 

5 

288.39  , 299.64 

(2s2P  *)ZD j/2,5/2 

410 

383,'  344, d 385* 

5 

291.27 

<2/>VDj/2 

(2s2p  2)z/>  V2.J/2 

190 

146' 

S 

218  23,  221.44 

81 

50,' 46, d 48' 

5 

243 .00 

90 

54,'  49  d 

6 

190.46 

(2s2p3),P°l 

39 

29,'  32' 

6 

216.00 

(2s2/>VD? 

73 

47,'  41,d  77  ' 

6 

188  .69 

(2s2p3)^Sj 

35 

23,' 21, d 22' 

6 

247.10 

(2s2p3)3P°2 

150 

136,'  114, d 133* 

6 

295.59 

(2p*)'D2 

70 

72,' 67  d 

7 

180.77 

(2s2pA)2Py2 

23 

20,'  19' 

* Estimated  uncertainty,  ±10%. 

b Average  wavelengths  used  in  conversion  from  Ref.  8. 
c Reference  9. 
d Reference  10. 

' Reference  11. 


tronic  silicon  ions).  It  can  be  seen  from  the  tables 
that,  in  general,  the  measured  lifetimes  are  longer 
than  predicted  by  current  theory  by  up  to  40%.  Of 
course,  transition  probabilities,  where  derivable, 
are  lower  than  corresponding  theoretical  predic- 
tions by  the  same  amount.  Since  cascading  and/or 
blending  do  not  in  general  appear  to  be  a major 
problem  in  the  present  experiments,  it  is  sus- 
pected that  insufficient  mixing  effects  have  been 
taken  into  account  in  the  multiconfigurational  cal- 
culations. In  cases  such  as  the  (2s2p)3P°- (2p2)3P 
transition  in  the  Be  sequence  (S'2*),  where  con- 
figuration mixing  is  expected  to  be  very  small, 
there  exists  excellent  agreement  between  theory 
and  the  present  result.  In  contrast,  however,  the 


measured  transition  probability  for  the  (2s22 p)2P°- 
(2s2p2)2P  transition  in  the  B sequence  (S11*)  is 
found  to  be  ~40%  lower  than  the  current  theoreti- 
cal values.  In  addition,  this  difference  between 
theory  and  beam-foil  measurements  appears  to 
continue,  by  roughly  the  same  amount,  to  lower -Z 
members  of  the  sequence  for  this  particular  tran- 
sition. Strong  mixing  effects  between  the  ground- 
state  2s22p ” and  the  excited-state  configurations 
2 pn*2  (same  parity  and  within  the  same  shell)  will 
occur,  particularly  for  the  low-Z  end  of  the  se- 
quences. Mixings  between  L-shell  configurations 
and  higher -shell  configurations  are  expected  to  be 
small  especially  for  intermediate -Z  ions  such  as 
Sulfur. 


TABLE  II.  Transition  probabilities  for  some  allowed  As  =0  transitions  of  highly  ionized 
sulfur. 


Number  of 

Transition  probability  (10®  sec-1) 

electrons 

T ransition 

Present  * 

Theory b 

4 

(2s2)1S-(2s2p),P® 

6.25 

7.42,' 7.77  d 

4 

{2s2p)3P°  -(2 p2)3P 

5.95 

5.96,' 6.40  d 

5 

(2s22p)*P°  -{2s2p2)*D 

2.44 

2.61,' 2.90, d 2.60' 

5 

(2s22p)2P°  -(2s2p2)2P 

12.35 

19.80,' 21.65, d 20.79' 

5 

<2s2p2)AP-(2p3)AS° 

11.11 

18.45,' 20.35  d 

6 

(2s22p2),D-(2s2p3),D° 

13.70 

21.45,' 24.64, d 13.01' 

6 

(2s22p2)3P-(2s2p3)3S° 

28.57 

44.39,' 47 .79, d 45.21' 

6 

(2s22p2)3P-(2s2p3)3P° 

6.67 

7.35,'  8.74,d7.51 ' 

* Estimated  uncertainty,  ±10%. 

b Average  wavelengths  used  in  conversion  from  Ref.  8. 
c Reference  9 . 
d Reference  10. 

'Reference  11. 
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LIFETIMES  AND  TRANSITION  RATES  FOR  ALLOWED  "IN-SHELL1 
TRANSITIONS  IN  HIGHLY  STRIPPED  SULFUR* 


LIFETIME  MEASUREMENT  OF  THE 
ULTRAVIOLET  LASER  EXCITATIO 


D.  J.  Pcgg,  S.  B.  Elston,  J.  P.  Forester,  P.  M.  Griffin, 
II.  C.  Haydent,  R.  S.  Peterson,  I.  A.  Sellin  and  R.  S.  Thoe 


A.  Arnesen,  A.  Bengtson,  L. 
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and 
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Institute  of  Physics,  Univer 
S-751  21  Uppsala  1,  Sweden 


An  experimental  study  of  allowed  "in-shell"  (An=0)  transitions  of 
the  type  .2s22p,1-2s2pn'*'1  and  2pn-2pn+1  has  been  made  on  highly  stripped 
ions  of  sulfur  containing  4,  5,  6 and  7 electrons.  The  present 
oscillator  strength  (f-values)  results  represent  a considerable  exten- 
sion in  nuclear  charge  over  previous  work  for  all  the  i soelectronic 
sequences  studied.  Accurately  measured  f-values  for  these  "in-shell" 
transitions  provide  an  excellent  testing  ground  for  many-particle 
atomic  structure  calculations  since  such  calculated  values  are  sensi- 
tively dependent  upon  the  amount  of  configuration  mixing  included  in 
the  wavefunctions  of  the  upper  and  lower  state  of  the  transition.  For 
high  Z,  highly  stripped  ions,  however,  this  configuration  interaction 
is  usually  limited  to  configurations  within  the  same  shell.  In 
addition,  the  present  results  should  find  application  in  solar  physics 
since  many  of  the  transitions  studied  produce  prominent  lines  in  the 
"quiet-sun"  spectra  of  the  solar  corona. 

The  Oak  Ridge  National  Laboratory  tandem  accelerator  was  used  to 
produce  a high  energy  (,v  38  MeV)  sulfur  beam  which  was  further  stripped 
and  foil-excited  for  time-of-flight  lifetime  measurements.  Transition 
probabilities  and  f-values  were  obtained  from  the  lifetime  results 
wherever  possible.  The  present  results  are  in  good  agreement  with 
many-particle  calculations  where  limited  configuration  interaction 
effects  are  expected.  However,  in  other  cases,  for  example,  the 
(2s22p)2P°- (2s2p2)2P  transition  in  boron-like  sulfur,  the  difference 
between  the  measured  f-value  and  current  theoretical  calculations 
incorporating  some  configuration  interaction  is  as  much  as  401,  a trend 
which  appears  to  be  present  throughout  the  isoelectronic  sequence  for 
this  transition. 


The  possibility  to  make 
lifetime  measurements  of  atr 
excitation  of  a fast  ion  be. 
H.  J.  Andra  et  al.  in  Berlin 
tuning  have  been  used  in  thi: 
tuning  of  fixed  frequency  la 
dye  lasers . ' J 

The  work  reported  here  i 
tuning  method.  A 45  KeV  Sc  : 
ground  state  to  the  z 3F°  lc- 
The  363.8  nm  laser  line  v/as 
transition  by  setting  the  in 
two  beams  at  22.7°  as  is  she 
intensity  as  a function  oi:  d: 
excitation  region  was  measur. 
system,  movable  parallel  to 
curve  is  shown  in  fig.  2.  Th 
fitting  the  experimental  dal 
A + Bexp(-t/7"),  where  A renr 
The  final  result,  including  ; 
velocity  uncertainties,  is  pi 
with  other  measurements  and  < 
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Part  Vll.  Photon  emission 

APPLICATIONS  OF  BEAM-FOIL  SPECTROSCOPY  TO  ATOMIC  COLLISIONS 
IN  SOLIDS* 

I.  A.  SELLIN 

The  University  of  Tennessee.  Knoxville,  Tennessee.  U.S.A. 
and 

Oak  Ridge  National  Laboratory,  Oak  Ridge,  Tennessee,  U.S.A. 

An  account  of  some  highlights  of  the  Fourth  International  Conference  on  Beam-Foil  Spectroscopy  of  particular  pertinence 
to  ionic  collision  phenomena  in  solids  is  given. 


The  overlap  between  the  sciences  of  beam-foil 
spectroscopy  and  of  atomic  collisions  in  solids  pri- 
marily arises  in  the  description  of  excitation  states, 
decay  modes,  scattering,  and  energy  losses  of  projectile 
ions  created  during  passage  through  or  upon  emergence 
from  thin  foil  targets.  The  present  article  will  mainly 
summarize  results  presented  at  the  Fourth  Interna- 
tional Conference  on  Beam-Foil  Spectroscopy1) 
(held  September  15-19,  1975  in  Gatlinburg,  Tennessee) 
which  seem  of  particular  pertinence  to  the  community 
of  scientists  interest  in  ionic  collision  phenomena  in 
solids,  but  which  have  not  already  been  discussed  in 
the  papers  of  Datz2)  and  Betz3)  at  the  present  confer- 
ence. Time  limitation  necessitates  the  omission  of  much 
pertinent  material  in  favor  of  a detailed  discussion  of  a 
small  number  of  topics. 

Before  passing  on  to  such  selected  topics,  it  is  well 
to  note  the  larger  number  and  diversity  of  papers 
presented  in  Gatlinburg,  which  are  of  interest  to 
students  of  atomic  collisions  in  solids.  We  list  several 
examples,  details  concerning  which  will  appear  in  the 
conference  proceedings1). 

Sorensen  discussed  a number  of  solid  target  effects 
which  complicate  the  measurement  of  excited  projectile 
ion  lifetimes  for  low  energy  heavy  element  ions,  and 
how  to  surmount  them4).  In  particular,  foils  lasting  at 
best  but  a few  seconds  under  impact  of  microampere 
beam  of  *50  keV  heavy  elements  can  be  made  to  last 
substantially  longer,  even  with  an  order  of  magnitude 
increase  in  current,  by  using  a continuously  sliding  foil 
technique  described  in  his  talk.  In  such  experiments, 
the  energy  loss  is  appreciable  (often  ;>25%)  compared 
to  the  beam  energy  itself,  a phenomenon  whose  effect 

* Work  supported  in  part  by  the  Office  of  Naval  Research; 
by  the  National  Science  Foundation;  by  the  National  Aero- 
nautics and  Space  Administration ; and  by  the  Energy  Research 
and  Development  Administration  under  contract  with  Union 
Carbide  Corporation. 


on  lifetime  measurements  is  complicated  by  dose- 
dependent  foil  thickening  of  the  irradiated  portion  of 
the  foil.  Such  energy  loss  and  thickening  phenomena 
are  now  studied  by  comparing  the  Doppler  shift  of  a 
foil-excited  spectral  line  with  that  of  a line  excited  in  a 
gas  cell,  also  in  the  spectrometer  viewing  region.  In 
a study  with  similar  technical  motivations,  Astner  et 
al. 5 ) reported  using  a two-spectrometer,  quantum  beat 
technique  to  calibrate  the  time  scale  after  foil  excitation 
to  a known  fine-structure  separation  in  the  3p3P  state 
of  neutral  helium.  The  second  spectrometer  can  then 
be  tuned  to  another  transition  of  interest,  whose  decay 
length  or  quantum  beat  intensity  fluctuation  vs  length 
periodicity  can  then  be  measured  relatively.  Forester 
et  al.6)  noted  that  relative  Doppler  shifts  are  signifi- 
cantly larger  fractionally  in  the  case  of  Auger  spectro- 
scopy of  electrons  emitted  by  projectile  ions  because 
the  ratio  of  beam  velocity  rp  to  electron  velocity  is 
>vjc,  leading  to  yet  a third  method  of  measuring  dose- 
dependent  energy  loss  and  foil  thickening  phenomena. 

The  extension  of  lifetime  measurements  by  direct 
decay  in  flight  measurements  to  * I ps  with  accuracies 
*20-30%  was  reported  at  the  conference  by  scientists 
from  the  Universite  Laval7)  and  from  the  Kansas 
State  University8).  In  the  Laval  experiments,  revised 
placement  of  defining  entrance  slits  to  a grazing  inci- 
dence xuv  spectrometer  of  width  5>IOpm  combined 
with  the  careful  use  of  flat  foils  permitted  lifetime  mea- 
surements in  xuv  emitting  states  of  highly  ionized  ions 
ranging  from  B to  F.  In  experiments  on  the  lifetime  of 
the  ls2p23P,  state  of  heliumlike  sulfur  (which  decays 
by  a spin-forbidden  El  transition  to  the  1 1 S0  state),  a 
Doppler  tuned  spectrometer  with  20  pm  spatial 
resolution  was  used  by  Varghese  et  al.8)  to  measure  a 
lifetime  of  (1.7  ±0.3)  ps.  The  dynamic  range  of  beam- 
foil  lifetime  measurements  has  thus  been  extended  to  a 
full  six  decades,  ranging  from  * I /is  to  I ps.  The  short 
lifetime  end  of  this  range  thus  adjoins  the  range  of 
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the  foil  thickness  dependence,  lifetime  measurement 
technique  described  by  Betz  ’). 

In  another  area  of  interest  to  participants  at  this 
conference,  Beauchemin  and  Drown**)  presented  data 
on  the  angular  behavior  of  stopping  powers  of  carbon 
foils  for  argon  ions  between  40  and  240  keV.  The 
dependence  of  d£/dv  vs  0 upon  foil  thickness  (4- 14  // g/ 
cm’)  and  on  beam  energy  was  studied  in  detail.  Among 
the  principal  conclusions  is  that  the  bulk  of  the 
discrepancies  with  the  total  stopping  power  values 
given  by  the  theory  of  Lindhard,  ScharIT,  and  Schiott1  °) 
(which  does  not  refer  to  a particular  angle  of  emergence) 
disappears  if  an  average  over  0 is  carried  out,  although 
serious  discrepancies  remain  at  beam  energies  below 
100  keV. 

In  other  stopping  power  measurements,  Wehring 
and  Bucher")  reported  the  energy  loss  of  fission 
fragments  as  a function  of  atomic  number  Z, , using 
K X-ray  detection  as  a fragment  signature,  and 
compared  their  results  to  earlier  theoretical  and 
experimental  data. 

Electron  emission  accompanying  the  passage  of 
heavy  particles  through  solid  targets  was  discussed  by 
Groeneveld 1 2)  and  by  Meckbach 1 3).  Groeneveld 
reviewed  electron  emission  from  solid  targets  under 
bombardment  with  projectiles  ranging  from  Z = I to 
Z % 55  (fission  fragments)  having  energies  between 
about  I MeV  and  70  MeV.  The  number  A of  emitted 


electrons  per  projectile,  integrated  over  all  electron 
energies  and  angles,  is  found  to  be  roughly  propor- 
tional to  d£/d.v,  and  to  depend  on  both  target  thickness 
and  work  function  of  the  target  surface.  Typical 
emergent  electron  energy  distributions  are  found  to  , 
exhibit  monotonic  decrease  with  electron  energy,  a 
sharp  drop  in  N at  electron  velocities  equal  to  the 
projectile  velocity  (£t|  = £„),  dependence  of  the  slope 
N(Ecl>E0)  on  target  electron  binding  energies,  and 
superposed  Auger  electrons  characteristic  of  both 
projectile  and  target  ions.  In  general,  the  binary 
encounter  model,  taking  into  account  the  energy  loss 
of  the  electrons  inside  the  target  material,  seems  to 
provide  satisfactory  agreement  with  the  experimental 
data  for  light  projectiles. 

Emergent  electron  number  and  energy  distributions 
for  projectiles  below  I MeV  incident  on  thin  solid 
targets  was  reviewed  by  Meckbach1’),  with  particular 
attention  to  the  total  number  of  electrons  per  unit 
energy  emitted  into  the  forward  vs  backward  hemi- 
sphere subsequent  to  passage  of  % 100  keV  protons 
through  carbon  foils.  In  fig.  I,  the  differential  secondary- 
electron  emission  coefficient  for  forward  emitted 
electrons  (eV  ' 1 ) as  measured  by  Meckbach  et  al.1 3 ) is 
plotted  vs  secondary  electron  energy  for  incident 
proton  energies  of  41.5  keV  (curve  A)  and  257  keV 
(curve  B).  Curve  C gives  the  differential  distribution  in 
the  backward  hemisphere,  also  for  257  keV  protons. 
As  can  be  seen,  the  forward  emitted  electrons  appear 
to  obey  a power  law  dependence  on  electron 
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(curves  B and  C).  Curves  A and  B refer  to  the  forward  hemi-  electron  emission  coefficients  as  a function  of  emitted  electron 


Fig.  2.  Ratio  of  forward  to  backward  differential  secondary 


sphere,  and  C to  the  backward  hemisphere.  From  ref.  13. 
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energy  over  much  of  the  range  of  electron  energies 
studied.  Interestingly,  the  electrons  emitted  in  the 
backward  hemisphere  exhibit  a similar  electron  energy 
dependence.  The  ratio  ( > I ) of  forward  to  backward 
emitted  electron  lluxex  has  been  in  part  successfully 
interpreted  by  Meckbach  in  terms  of  electron  capture 
into  continuum  states,  as  is  well  known  to  occur  in  gas 
targets,  fig.  2 shows  the  rapid  rise  in  the  ratio  of  forward 
to  backward  differential  coefficients  beginning  at  about 
10  eV.  This  onset  matches  a similar  rise  in  estimates  of 
total  stopping  power  for  secondary  electrons  traversing 
solid  materials  at  about  the  same  electron  energy. 
Secondary  electron  emission  studies  subsequent  to  H + 
and  Hj  passage  through  thin  carbon  foils  was  also 
discussed  by  Menendez  and  Duncan14)  for  beam 
energies  between  350  keV  and  I MeV  and  foils  between 
5 and  50  gg  cm2  in  thickness.  Particular  attention  was 
paid  to  the  narrow  angular  distribution  of  electrons 
emerging  from  the  foil  at  velocities  ~rp. 

Both  the  energy  loss  and  yield  accompanying  the 
passage  of  fast  molecular  clusters  in  solid  targets  was 
reviewed  by  Laubert1 5).  The  extent  to  which  projectiles 
moving  as  clusters  through  solid  targets  lose  energy 
more  rapidly  than  isolated  particles  of  the  same 
velocity  was  quantitatively  discussed,  together  with 
very  recent  work  on  the  yield  of  beam  molecules  after 
penetration  through  carbon  foils. 

Models  for  excited  state  distributions  and  for 
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Fig.  3.  Heliumlike  and  lithiumlike  fluorine  K X-ray  line  inten- 
sities from  f projectiles  in  gaseous  Ar.  C foil,  and  solid  graphite, 
respectively,  at  energy  * I MeV  per  nucleon.  From  ref.  20. 


consequent  effective  lifetimes  for  highly  excited  ions 
emergent  from  foils  were  discussed  by  Bukow  el  al.“’) 
and  by  Hopkins  and  von  Brentano17).  the  latter  of 
which  authors  paid  particular  attention  to  the  form  of 
the  so-called  slow,  non-exponential,  — 1 ~ ’ decay 
feeding  from  high  n,  r-rast  levels  ( / ~ //  — I ) into  faster- 
decaying  excited  states  whose  delayed  decays  then 
mimica  j dependence.  In  the  limit  of  high  principal 
quantum  number  n,  a relative  population  x«~5  is 
estimated  by  Hopkins  and  von  Bretano  for  systems 
such  as  hydrogenic  oxygen  and  fluorine,  whereas  an 
excited  state  population  dependence  nearer  «~3  for 
foil  excited,  low-lying  He  states  was  described  by 
Bukow  et  al16). 

Variations  in  the  ratio  of  intensities  of  lines  from 
forbidden  vis  a vis  allowed  transitions  between  the 
same  electron  configurations  are  much  used  in  astro- 
physical  interpretations  of  collisiona!  quenching  of 
metastable  excited  states  [cf.  the  review  article  by 
Jordan18)].  Similarly,  the  variation  in  ratios  can  be 
used  to  infer  excited  state  collision  quenching  cross- 
sections  in  beam  experiments  with  either  gaseous  or 
solid  targets.  A particularly  useful  pair  of  lines  is  the 
Is2  1 S„ - 1 s2p  1 ••'P,  transitions  in  heliumlike  ions  like 
F7  * , which  can  easily  be  excited  by  passing  fluorine 
ions  through  carbon  foils  at  energies  1 1 MeV/nucleon. 
The  1 P , lifetime  of  l.kx  I0~13  s is  well  known  from 
standard  tables,  and  the  3P,  intercombination  line 
lifetime  of  (0.56  + 0.03)  ns  is  well  established  from  the 
work  of  Mowat  et  al.l<>).  Studies  reported  in  Gatlin- 


burg  by  Matthews  and  Fortner  of  the  variation  with 
pressure  of  the  ratios  of  the  31P,  line  intensities 
excited  in  an  argon  gas  target  led  to  a measured 
quenching  cross-sections  for  3P,  states  in  argon  of 
<Tq=  I x I0'16  cm2.  Comparison  of  line  intensity 
ratios  in  solid  vs  gas  targets  leads  to  a number  of 
interesting  further  conclusions,  some  of  which  are 
depicted  in  lig.  3.  Relative  intensities  of '•3P,  transi- 
tions as  presented  by  Matthews  and  Fortner20)  are 
seen  to  be  quite  different  for  C foils  and  thick  graphite 
targets  (for  graphite  the  3P,  transition  is  very  weak). 
Interpretation  of  such  data  led  the  authors  to  estimate 
a quenching  cross-section  for  the  singlet  stale  in  C foil 
targets  of  (Tq=8x  I0~18  cm.  While  the  fluorescence 
yields  of  both 1 -3P,  states  are  essentially  unity  in  vacuo, 
a simple  definition  of  a so-called  "dynamic  fluorescence 
yield".  w„  = (I/t*)/[(I/t„)  + NoQr],  where  rR  is  the 
normal  radiative  lifetime.  N the  target  number  density, 
and  r the  beam  velocity,  permits  extraction  of  a value 
for  (V|,(3P, ) for  solid  targets  of  sKC8.  andofwf'P,) 
of  i 0.07.  A more  complete  spectrum  obtained  by  these 
authors  is  given  in  lig.  4.  which  exhibits  spectra  ohtain- 
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Fig.  4.  Comparative  yields  of  projectile  K X-rays  from  15  MeV  F3+  projectiles  in  lOO/rg/cm2  C foils  and  a solid  graphite  target, 
respectively.  From  ref.  20. 
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ed  with  15  MeV  F3+  beams  incident  on  100  /tg/cm2  C 
foils  and  thick  graphite  targets,  respectively.  A number 
of  hydrogenic  and  heliumlike  spectral  lines  are  observ- 
ed. In  comparing  foil  yields  with  those  of  thick  targets, 
a reduction  in  I s— 3p  line  strength  relative  to  ls-2p  line 
strength  by  more  than  a factor  of  three  was  observed, 
and  no  higher  Rydberg  states  above//  = 3 wereapparent 
with  the  thick  target.  Hence  line  strength  ratios  for 
various  states  as  a function  of  target  thickness  promise 
to  be  a useful  tool  in  studying  excited  state  collision 
kinetics  in  solids. 

In  similar  experiments  but  at  lower  beam  energies, 
Fortner  et  al 2 1 ) reported  studies  of  collision  broadening 
of  X-rays  emitted  from  *IOOkeV  ions  moving  in 
solids.  High  resolution  K X-ray  spectral  measurements 
for  boron  and  neon  projectiles  moving  in  gas  and  solid 
targets  were  reported.  Comparisons  of  the  spectra 
indicated  little  or  no  structure  when  solid  targets  were 
used.  This  lack  of  structure  in  the  solid  target  spectra 
was  attributed  to  collisional  broadening  which  results 
from  multiple  collisions  taking  place  within  the 
lifetime  of  the  inner  shell  vacancy.  The  collisional 
broadening  was  studied  as  a function  of  target  density 
by  using  both  graphite  and  diamond  targets.  The 
amount  of  broadening  was  found  to  be  very  sensitive  to 


target  density.  K X-ray  spectra  were  also  reported  for 
a neon  gas  target  and  a neon  target  implanted  in 
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Fig.  5.  Cu  K X-ray  yields  from  140  MeV  Cl  ions  on  % I //g  em2 
Cu  targets  as  a function  of  incident  ion  charge  state.  The  Cu  K 
yield  from  ions  emergent  from  a C "pre-foil"  24cm  upstream  is 
indicated  hy  of . and  the  Cu  K yield  from  ions  emergent  from  a 
% 200 /tg/cm2  carbon  foil  directly  on  to  a I /ig/cm2  Cu  target  is 
indicated  hy  of.  From  ref.  22. 
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graphite.  Although  no  collisional  broadening  was 
observed,  the  binomial  intensity  distribution  of  X-ray 
lines  from  different  charge  states  often  observed  for 
such  spectra  was  not  seen  in  the  implanted  target 
spectra. 

Recent  results  of  Hopkins'22)  concerning  residual 
K-shell  excitation  in  chlorine  ions  penetrating  carbon 
received  informal  discussion  at  the  conference.  Some 
results  are  included  here,  as  they  are  related  to  the 
matter  of  projectile  charge  state-increase  upon  emer- 
gence from  solid  targets  as  discussed  by  Datz2)  and  in 
fact  suggest  a projectile  charge  state  increase  of  ^0.5  to 
1 unit.  In  fig.  5,  Cu  K X-ray  yields  subsequent  to 
impact  of  140  MeV  Cl  ions  in  various  charge  states  on 
%l  /tg/cm2  Cu  targets  are  shown.  The  Cu  K-yields 
are  seen  to  be  sensitive  only  to  K vacancies  in  the 
incident  Cl  ions,  and  only  weakly  to  L vacancies.  When 
an  upstream  "pre-foil"  target  is  used  as  in  the  experi- 
ment of  Datz  et  al.23),  yields  characteristic  of  an 
emergent  charge  state  distribution  with  q = 15.7  are 
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Fig.  6.  Ratios  o\ln\  (a)  at  70  and  140  MeV  for  incident  Cl.  and  at 
38  MeV  for  incident  F.  as  a function  of  carbon  layer  thickness, 
(b)  and  (c)  describe  conversions  of  the  data  in  (a)  to  estimated 
K-vacancy  yields.  The  theoretical  curves  indicated  are  described 
in  ref.  22. 


obtained,  and  are  labelled  <rj\  When  a * 200 /tg/cm 2 
carbon  foil  is  directly  upstream  of  the  Cu  and  in 
contact  with  it,  a large  increase  in  yield  occurs  and  is 
attributed  to  steady  state  K vacancies  in  the  Cl  beams 
as  is  indicated  by  the  level  labelled  <r*  The  ratio 
er*/*T»  *s  plotted  in  fig.  6 for  two  different  Cl  beam 
energies  as  a function  of  upstream  carbon  layer 
thickness,  as  well  as  for  78  MeV  F beams  (for  which 
there  is  a null  effect).  The  corresponding  K-vacancy 
fractions  Y as  a function  of  carbon  thickness  are 
estimated  in  parts  (b)  and  (c)  of  fig.  6,  and  reach  values 
^80%  for  140  MeV  incident  beam  energy.  Depending 
on  assumptions  concerning  fluorescence  yields,  a charge 
increase  upon  emergence  of  >j  unit  can  be  inferred 
from  the  70  MeV  data,  and  perhaps  a larger  increase 
for  the  140  MeV  data.  In  fig.  7,  the  summed  yields 
of  the  Is2s2p  4P  lithiumlike  and  the  ls2p23P2  helium- 
like X-ray  decays  at  70  MeV,  which  are  the  dominant 
K X-ray  yields  over  the  1-3  cm  distance  range  of  inten- 
sity integration  downstream  of  the  foil,  are  seen  to 
exhibit  a relative  yield  which  is  well  described  by  the 
K-vacancy  equilibrium  curve  seen  in  fig.  6.  Hence  the 
metastable  X-ray  emitting  levels  emergent  from  the  foil 
seem  to  be  indicative  of  the  corresponding  inner  shell 
vacancy  distribution  while  the  ion  is  inside  the  target. 
An  interesting  variation  of  equilibrium  K-vacancy 
fraction  with  upstream  target  material  is  seen  in  fig.  8. 
As  yet,  no  detailed  explanation  of  this  dependence  is 
available. 

The  X-ray  spectrum  of  quasi  molecules24),  which 
arises  from  the  radiative  filling  of  a K vacancy  during 
a close  collision,  is  intimately  linked  to  study  of 
collisions  in  solids.  Whether  a double  collision 
mechanism  is  required25),  in  which  a vacancy  created 


Fig.  7.  Relative  yields  for  70  MeV  Cl  beams  traversing  C foils 
of  the  sum  of  the  projectile  K X-rays  resulting  from  lithiumlike 
4P:,  a and  heliumlike  :,Pa  decays  between  I and  3 cm  dow  nstream 
of  the  foils.  The  relative  yield  is  fairly  well  described  by  the 
K-vacancy  yields  in  lig.  ft.  From  ref.  22. 
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in  a prior  collision  is  brought  into  a second  close 
collision  within  a K-hole  lifetime  during  which  radiative 
filling  occurs,  is  a much  debated  issue.  Recently,  Bell 
et  al.2b)  have  published  evidence  for  single  collision 
production  in  which  the  vacancy  production  and 
radiative  filling  occur  during  the  same  collision,  for 
48  MeV  S on  Ne  encounters.  Comparison  of  the 
intensity  of  MO  tails  for  48  MeV  S on  Ne  at  ^ I torr 
vs  55  MeV  S on  100  /tg/cm2  Al  foils,  normalized  to  the 
strength  of  the  S characteristic  K radiation  in  each  case, 
led  to  the  conclusion  (because  of  the  equally  intense 
tails)  that  single  collision  production  was  an  important 
consideration  in  both  cases. 

At  the  Gatlinburg  conference,  however,  Peterson 
et  al.27)  presented  comparisons  of  40  MeV  Si  on 
gaseous  SiH4  targets  at  300  mtorr  with  40  MeV  Si  on 
Al,  again  normalizing  to  the  projectile  characteristic 
line  strength.  Fig.  9 shows  the  region  of  the  continuum 
X-ray  spectrum  near  the  united  atom  limits  indicated 
by  the  corresponding  arrows.  (The  small  peaks  are 
thought  to  arise  from  Coulomb  excitation  of  trace 
impurities  some  five  orders  of  magnitude  less  intense 
than  the  characteristic  lines  of  projectile  and  target.) 
As  can  be  seen,  there  is  at  least  one  order  of  magnitude 
difference  in  intensity,  leading  to  a supposition  of 
double  collision  processes  being  dominant  in  this  case. 
Because  of  the  similarity  or  projectile  Z and  beam 
energy,  it  is  difficult  to  reconcile  the  dissimilar  results. 
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Fig.  8.  Lquilibrium  K -vacancy  yields  lor  C.  Al.  KC'I.  Ni.  tie.  Ag. 
and  Au  targets  as  determined  in  I // g cm-  Cu  layers  evaporated 
on  their  downstream  side.  From  ref.  22. 


Normalization  to  the  characteristic  line  strengths  in 
both  experiments  may  be  tricky  because  of  significant 
differences  in  the  fluorescence  yields  of  the  solid  vs  gas 
data.  Until  the  differences  can  be  resolved,  it  seems 
unlikely  that  any  firm  conclusions  relative  to  one-vs- 
two-collision  process  dominance  for  similar  collisions 
can  be  reached. 

The  emergent  surface  interaction  in  beam-foil 
spectroscopy  is  the  final  subject  discussed  at  the  Gat- 
linburg conference  to  be  treated  here.  It  first  became 
clear  from  the  work  of  Sellin  et  al.28)  following  a 
suggestion  of  Eck2*')  that  atoms  emergent  from  foils 
(in  this  case  H atoms  on  C)  do  not  emerge  in  eigen- 
states of  definite  parity  but  rather  in  mixed  parity 
states.  Electric  dipole  oscillations  of  the  electronic 
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Fig.  9.  Continuum  X-ray  spectrum  near  the  united  atom  limits 
(indicated  hy  the  arrows)  for  40  MeV  Si  ions  in  SiHi  targets  at 
.TOO  mtorr  and  in  50 //g  em-  Al  targets,  normalized  in  each  ease  ■ 
to  the  characteristic  line  strengths.  Front  ref.  27. 
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t ig.  10.  Geometry  of  tiltcd-foil  experiments.  From  ref.  JJ. 
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charge  distributions  of  the  emergent  atoms  along  the 
beam  direction  were  found  to  occur,  and  the  surface 
interaction  was  found  not  to  have  reflection  symmetry 
in  the  plane  of  the  foil.  Another  way  of  characterizing 
. the  situation  is  to  speak  of  an  oscillating  electronic 
linear  momentum  distribution  asymmetry  along  the 
beam  direction.  At  the  Gatlinburg  conference,  Schect- 
man  et  al.30)  reported  the  discovery  and  properties  of  a 
number  of  similar  mixed  parity  coherences  in  the  n = 3 
levels  of  H and  in  the  n — 4 levels  of  He+  emergent 
from  foils.  In  the  He+  data,  oscillation  frequencies 
corresponding  to  SP,  PD  and  DF  mixing  were  manifest. 
Schectman  also  reviewed  the  subject  of  mixed  parity 
beats  in  general. 

Angular  momentum  asymmetries  (alignment)  in 
which  the  emergent  atomic  orbital  angular  momentum 
tends  to  be  preferentially  parallel  or  anti-parallel  to 
the  beam,  depending  on  the  nature  of  the  projectile  and 
its  speed,  have  been  known  for  some  time  (see  refs. 
31  and  32).  It  is  to  be  emphasized  that  to  date,  foils 
exposed  to  air  beforehand  and  situated  in  practical 
vacuums  have  been  used  in  such  experiments,  and  in 
the  more  recent  tilted  foil  experiments  which  Berry33) 
reviewed  at  the  Gatlinburg  meeting. 

The  geometry  characterizing  such  tilted  foil  experi- 
ments is  shown  in  fig.  10.  The  Z direction  is  taken  as 
the  axis  of  the  incident  beam,  the  polar  angle  0 specifies 
the  direction  of  view  of  emitted  photons,  and  the  angle  a 
specifies  the  direction  of  the  unit  normal  to  the  foil 
surface.  The  polarization  properties  of  light  emitted  by 
emergent  atoms  may  be  specified  by  four  parameters 
called  the  Stokes  parameters,  one  of  which  is  the  total 
intensity  /.  A second,  called  A/,  is  related  to  the  align- 
ment. and  for  the  special  case  of  viewing  along  the  .v 
direction.  A///  becomes  simply  <F3  — 

Another  parameter,  S/I,  is  proportional  to  —</.,>/ 
<L3>,  and  cannot  be  other  than  0 for  cylindrical 
symmetry  (*  = 0).  Observation  of  a finite  value  of  S 
for  non-zero  alpha  implies  that  a net  torque  causes 
rotation  of  the  electronic  charge  distribution  of  an 
emergent  atom  in  either  a clockwise  or  counter  clock- 

• wise  direction  (depending  upon  sign).  Such  non-zero 
values  have  now  been  found  for  a number  of  emergent 
projectile  excited  states,  and  the  a-dependence  of  the 

* Stokes  parameters  tested.  Berry  reviewed  both  avail- 
able experimental  data  as  well  as  yet  incomplete 
theoretical  attempts  to  explain  the  a-dependence  of 
such  data  by  a number  authors33).  To  illustrate  the 
surprising  character  of  the  data,  we  may  cite  some  of  the 
results  of  Berry  et  al.33):  (I)  for  the  2s-3p  singlet 
transitions  in  He  at  130  keV  beam  energy,  both  M and 
S have  been  found  to  be  positive,  but  at  286  keV. 


L 


A/>0  and  S<0.  For  2p-4d  singlet  transitions  in  He, 
on  the  other  hand,  A/<0  but  S>0.  |S//|  has  been  found 
to  vary  quite  rapidly  with  a,  and  has  been  observed 
to  reach  values  ^20%  in  some  cases.  A preliminary 
account  of  experiments  with  similar  motivation,  but 
involving  ions  incident  on  polished  bulk  metal  surfaces 
in  practical  vacuums  inclined  at  %89  to  the  beam, 
was  presented  at  the  meeting  by  Silver34).  Values  of 
S// ^ 20—30 % were  reported  for  300  keV  Ar+  beams 
incident  on  such  surfaces.  As  measurements  of  S/l 
are  made  by  studying  the  circular  polarization  of  the 
emitted  light,  intensities  of  left  hand  as  appeared  to 
right  hand  circularly  polarized  light  are  therefore  found 
to  be  very  different.  In  some  of  the  data  presented  by 
Silver34),  values  of  (/RH  — A.h)/(A<h  + A.ii)  approaching 
50%  were  found,  where  the  sense  of  positive  polariza- 
tion corresponded  to  n x »,  where  A specifies  the  direc- 
tion of  the  surface  and  v the  beam  velocity. 

This  partial  listing  of  contributions  to  the  Fourth 
International  Conference  on  Beam  Foil  Spectroscopy 
which  appeared  to  me  to  be  of  direct  interest  to 
participants  in  the  present  conference  is  necessarily 
both  sketchy  and  incomplete.  I hope  I have,  however, 
been  able  to  communicate  my  opinion  that  the  overlap 
of  interests  between  the  two  disciplines  is  a strong  one, 
and  that  scientists  involved  in  the  two  fields  have  much 
to  learn  from  each  other. 
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Recent  experimental  results  of  Bell  et  al.  [1]  for  55  MeV 
S -*■  A1  and  48  MeV  S -*•  Ne  collisions  indicated  that  the  production 
of  noncharacteristic  radiation  (NCR)  was  similar  for  gas  or  solid 
targets  when  normalized  to  the  characteristic  line  of  the  projec- 
tile ion.  Such  a result  would  indicate  that  a one-collision  mech- 
anism for  NCR  production,  in  which  a vacancy  in  the  K shell  is 
produced  and  filled  during  the  collision,  is  as  important  as  the 
two-collision  model  proposed  by  Saris  et  al.  [2],  Experiments  have 
been  completed  using  more  nearly  symmetric  collision  partners,  and 
it  is  found  that  the  yield  of  x rays  near  the  combined-atom  K x-ray 
limit  (Eu)  for  40  MeV  Si^+  -*■  SiH^  is  significantly  smaller  than  the 
yield  of  NCR  for  40  MeV  Si6+  ->  Al. 

Beams  of  silicon  iors  from  the  Oak  Ridge  National  Laboratory 
6.5  MV  tandem  Van  de  Graaff  were  passed  through  a gas  target  cell, 
shown  in  Figure  1,  and  the  x rays  produced  in  the  resulting  collisions 
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Figure  1.  Gas  Target  Schematic.  Ion  beams  of  various  energies 
entered  the  gas  cell  through  collimators  and  were  collected  in  the 
Faraday  cup.  A capacitance  manometer  was  used  to  measure  the  gas 
pressure  and  to  control  the  gas  flow,  maintaining  the  target  gas 
pressure  at  300  mTorr.  A Si(Li)  detector  was  used  to  observe  the 
x-ray  spectrum  at  90  degrees  to  the  ion  beam. 


were  viewed  at  90°  by  a Si (Li)  detector  with  FWHM  of  160  eV  at  5 
keV.  a two  mil  Mylar  window  was  used  with  the  Si (Li)  detector  to 
preferentially  absorb  the  Si  and  A1  characteristic  K x rays  with 
respect  to  the  higher  energy  x rays.  The  beam  current,  which  was 
collected  in  a Faraday  cup,  was  kept  low  enough  that  pulse  pile-up 
was  avoided . 

The  gas  pressure  was  monitored  by  a capacitance  manometer  which 
also  controlled  the  gas  flow  valve,  keeping  the  target  pressure  con- 
stant at  300  mTorr.  When  thin  foils  were  used,  no  gas  was  admitted 
to  the  chamber  and  a foil  was  inserted  in  the  beam  path. 


X-ray  spectra  were  recorded  for  10  - 40  MeV  Si^  on  A1  (50 
pg/cm^)  foils  and  40  MeV  Si^+  on  SiH^  (300  mTorr).  The  spectra  for 
40  MeV  Si^+  on  SiH^  and  A1  are  shown  in  Figure  2,  where  the  spectra 
were  normalized  to  the  gas  target  K x-ray  characteristic  lines. 

Even  though  no  corrections  for  absorption  were  made  in  this  figure, 
it  is  obvious  that  the  x-ray  yield  near  the  combined-atom  limit  (E  ) 
is  greater  for  the  solid  target  (Al)  than  for  the  gas  target  (SiH^). 
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Figure  2.  X-ray  spectra  for  Si  (40  MeV)  on  A1  and  SiH^.  The 
x-ray  spectra  have  been  normalized  to  the  Si  K x-ray  lines.  Im- 
purity peaks  at  3.7  keV,  5.4  keV,  and  6.4  keV  in  the  solid  A1 
target  are  probably  due  to  K x-rays  of  calcium,  chromium,  and  iron 
The  peak  at  3.1  keV  is  due  to  REC  in  the  solid  target  and  argon  K 
x rays  in  the  gas  target. 
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Although  several  impurities  were  present  in  the  A1  foil,  their  con- 
tribution to  the  NCR  yield  was  found  to  be  negligible.  The  large 
peaks  in  the  Si-SiH^  data  are  due  to  a residual  argon  impurity  in 
the  gas. 

Corrections  for  absorption  of  x rays  in  the  Be  window  and  sil- 
icon dead  layer  of  the  Si(Li)  detector,  for  absorption  in  the  Mylar 
attenuator,  and  for  absorption  in  the  target  were  made  from  avail- 
able x-ray  absorption  data  [3].  The  corrected  spectra  for  Si  (40 
MeV)  on  SiH^  and  A1  are  shown  in  Figure  3.  Again  the  spectra  have 
been  normalized  so  that  the  areas  of  the  Si  K x-ray  characteristic 
lines  are  equal.  The  yield  of  x-rays  near  the  combined  atom  limit 
(E^)  is  greater  for  the  solid  target  than  the  gas  target. 


In  order  to  study  the  yield  of  NCR  in  solid  targets  for  dif- 
ferent projectile  velocities,  silicon  ion  beams  at  10,  20,  and  30 
MeV  were  used  on  thin  A1  (50  ug/cm^)  foils.  The  x-ray  spectra  for 
the  photon  energy  region  4.5  keV  - 8 keV,  normalized  to  the  Si 
characteristic  lines,  are  shown  in  Figure  4.  The  x-ray  yields  for 
20  and  30  MeV  Si  ions  on  A1  fall  between  the  10  and  40  MeV  Si^+  on 
A1  data.  In  all  cases  the  yield  of  x-rays  near  the  combined  atom 
limit  for  solid  targets  is  greater  than  that  for  the  gas  target. 

The  possibility  that  these  observed  differences  in  gas  vs. 
solid  target  x-ray  yields  may  be  due  to  bremsstrahlung  can  be  dis- 
counted for  the  low  beam  energy  data.  An  approximate  energy  cutoff 
for  secondary  electron  bremsstrahlung  would  be  the  maximum  kinetic 
energy  that  can  be  transferred  to  the  target's  bound  electrons  [4]: 


4mE 

MA 


2mv1v2 


where  MA,  E,  and  v^  are  the  projectile  mass,  kinetic  energy,  and 
velocity,  respectively,  and  m,  V2  are  the  electron  mass  and  velocity 
of  target  atom  K-shell  electron.  These  energies  are  listed  in 
Table  I for  the  collision  systems  used  in  this  experiment.  Cutoff 
energies  for  the  10  and  20  MeV  Si  on  A1  collisions  are  much  lower 
than  the  combined-atom  energy  (Eu)  of  6.9  keV,  thus  rendering  neg- 
ligible bremsstrahlung  contributions  to  the  NCR  yields.  Yet,  the 
NCR  yields  are  an  order  of  magnitude  greater  than  the  gas  target 
yields.  Although  the  bremsstrahlung  cutoff  energies  for  30  and  40 
MeV  Si  on  A1  collisions  are  higher,  there  does  not  appear  to  be 
any  significant  increase  in  the  measured  NCR  yield  at  these  higher 
beam  energies.  The  small  x-ray  yield  near  the  combined-atom  limit 
(Eu)  for  the  gas  target  collisions  and  the  high  bremsstrahlung 
energy  cutoff  does  not  preclude  the  possibility  that  these  x rays 
were  due  to  secondary  electron  bremsstrahlung. 

The  fact  that  the  yield  of  x rays  near  the  combined-atom  limit 
(E^)  for  Si  on  SiH^  was  small  can  be  emphasized  by  comparing  the 
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TABLE  I 


Collision 

Beam 

Energy 

(MeV) 

E 

max 

Maximum  Kinetic 
Energy  Transferred  to 
Bound  Electron  (keV) 

Si-Al 

10 

2.9 

20 

4.6 

30 

6.1 

40 

7.5 

Si-Si 

40 

7.8 

ratio  of  integrated  NCR  intensities  to  the  characteristic  K x-ray 
line  intensities  (NCR/CR)  for  different  symmetric  collisions  where 
the  ratio  of  beam  velocity  to  K-shell  electron  velocity  (V/V^)  is 
the  same.  Laubert  et  al.  [5]  measured  the  ratio  of  NCR/CR  for  C-C 
and  Al-Al  collisions  (solid  targets)  to  be  ^ 2 x 10“^  and  'V  7 x 10”^, 


respectively,  where  — ^ 0.5.  In  the  present  experiment  the  NCR/CR 

vk  _5 

ratio  for  Si-Si  (gaseous  target)  is  found  to  be  % 2 x 10  for 


rr-  2l  0-5.  These  results  show  that  the  NCR/CR  ratios  for  symmetric 
* It 

collisions  involving  thin  solid  targets  are  of  the  same  order  of 
magnitude  for  different  Z,  whereas  the  present  data  shows  that  the 
Si-Si  NCR/CR  ratio,  obtained  with  a gas  target,  is  an  order  of 
magnitude  smaller. 


Because  of  the  wide  range  of  velocities  of  the  projectile  Si 
ions  used  on  Al  foils,  there  were  correspondingly  large  changes  in 
the  charge  state  distributions  of  the  projectile.  Any  changes  in 
fluorescence  yields  due  to  these  differing  charge  state  distribu- 
tions do  not  appear  to  have  influenced  the  NCR  yield  with  respect 
to  the  Si  characteristic  lines. 


It  appears,  therefore,  that  the  large  yield  of  NCR  in  the 
solid  targets  is  not  due  to  secondary-electron  bremsstrahlung  or 
to  any  projectile  fluorescence  yield  effect.  The  yield  of  NCR  is 
not  similar  for  gas  and  solid  targets  for  the  present  collision 
systems,  where  the  solid  target  collisions  give  NCR  yields  at  least 
an  order  of  magnitude  greater  than  the  gas  target  collisions. 

Atomic  densities  in  gas  targets  (for  pressures  less  than  1 
Torr)  are  several  orders  of  magnitude  smaller  than  atomic  den- 
ities  in  thin,  solid  foils.  Consequently,  the  inverse  lifetime  of 
a K-shell  vacancy  produced  in  a projectile  traversing  a gas  target 
is  much  less  than  the  frequency  of  collisions,  whereas  this  inverse 
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lifetime  for  low  Z projectiles  is  comparable  to  the  collision 
frequency  in  solid  targets. 

If  a single-collision  model  is  important  for  NCR  production, 
the  yield  of  x rays  near  the  combined-atom  limit  (Eu)  for  ion-atom 
collisions  in  gases  should  be  comparable  to  the  NCR  yields  in 
solid  target  collisions.  This  not  being  true  for  the  collision 
systems  studied  implies  that  the  proposed  two-collision  mechanism 
for  NCR  production  in  solid  targets  dominates  over  any  single- 
collision processes. 
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We  have  recently  measured  the  polarization  of  the  non-charac- 
teristic x-radiation  emitted  from  collisions  between  energetic 
(10-90  MeV)  A1  ions  in  thin  foils.  The  motivation  to  persue  this 
line  of  research  originated  from  the  calculations  of  Muller  and 
Greiner1  which  predict  that  in  addition  to  the  normal  spontaneous 
emission  of  molecular  orbital  x-rays,  there  also  exists  a mecha- 
nism which  gives  rise  to  induced  emission  of  these  radiations. 

This  mechanism  is  a direct  result  of  the  coriolis  forces  which 
exist  in  the  rest  frame  of  the  quasi-molecule,  whose  axis  of 
quantization  is  rotating  with  angular  velocity  “rot-  The  cross 

sections  derived  by  MOller  and  Greiner  from  the  two  center  Dirac 
equations  are 


da 


dwdfl,,dl2 . 

I\  1 


2-kr  |dFi|2  sin2eK  (*L) 
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da . 
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dp^  is  the  ordinary  dipole  transition  matrix  element  and  dag  is 

the  differential  cross  section  for  detecting  a photon  of  frequency 
u at  angle  9^  per  solid  angle  dl2^  for  ions  scattered  into  solid 

da 

angle  dll.,  (-rr  ) is  the  differential  Rutherford  cross  section, 
l dU.  „ ., 
l Ruth 
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These  two  equations  are  equal  in  magnitude  when  w2ot  = w2 


photon  frequencies  near  the  united  atom  limit  oj 


rot 

T 


For 

is  a maximum 


at  the  distance  of  closest  approach  and  is  ■v  2m~~R  2"*  *n 

pa 

straight  line  approximation  for  an  impact  parameter  b =0.SR  ; 

\la 

R is  the  radius  of  the  united  atom  K shell,  T is  the  incident 
ya 

kinetic  energy  and  m is  the  mass  of  the  ion  - m ^ 2Z.  Using  the 
Bohr  formula  for  Lyman  alpha  radiation  gives: 


u2  = (1/4) 
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w2  = w2  ^ implies: 
rot  r 


= (1/4) 
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(3/4): 


(4) 


Therefore,  at  energies  above  T , the  induced  cross  section 

should  be  larger  than  the  spontaneous  cross  section.  This  ex- 
pression compares  very  favorably  with  the  value  obtained  by  Betz, 
Z3 

Bell  et  at.  - Tq'  = yjj-  MeV,  which  was  obtained  from  cross  sec- 
tion measurements  on  the  molecular-orbital  radiation  emitted  from 
S-Al  and  S-Ne  collisions. 


The  difference  in  the  transition  matrix  elements  in  equations 
(1)  and  (2)  also  leads  to  differing  polarizations  between  the  in- 
duced and  spontaneous  radiation.  The  amount  of  polarization  is 
also  a strong  function  of  subshell  population,  collision  velocity, 
impact  parameter,  and  photon  frequency.  In  order  to  characterize 
this  polarization  it  is  necessary  to  consider  the  transformation 
between  the  laboratory  rest  frame  and  the  rest  frame  of  the  quasi- 
molecule. In  Fig.  1 the  beam  is  moving  in  the  -z  direction,  the 
intemuclear  axis  is  Z_,  the  rest  frame  of  the  quasi-molecule  is  z', 
x,  y',  and  the  angle  between  z and  z'  is  £.  Therefore,  0 <_  £ <_  tt, 

and  the  direction  u ^ is  coincident  with  the  x axis.  The  radi- 
rot 

ation  pattern  of  the  rotating  quasi-molecule  for  united  atom  radia- 
tion can  be  calculated  most  simply  since  for  this  radiation  the 
photon  frequency  is  independent  of  the  intemuclear  distance. 
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Fig.  i 


Now  this  rotation  can  be  represented  by: 

(xp  = R (x1) 

I'  0 0 \ 

R = I 0 cos  £ + sin  £ I (5) 

\ 0 - sin  £ cos  £ / 

The  two  radiation  patterns  that  have  been  considered  are 
ipe')  = sin2  6'  and  1 2 C® ' D = cos2  6',  where  the  primes  indicate 

that  these  are  the  patterns  as  observed  in  the  rotating  quasi- 
molecular  rest  frame.  In  the  lab  frame  these  appear  as 

1^0)  = x'2  + y'2  = x2  + y2  cos2  £ + z2  sin2  £ (6) 

I2 (9)  = z 2 = y2  sin2  £ + z2  cos2  £.  (7) 


Since  this  axis  is  rotating;  (i.e.,  £ goes  from  0 to  tt)  , it 
is  necessary  to  average  these  radiation  patterns  over  all  angles  £ 
and  over  all  azimuthal  angles  0.  These  averages  yield: 
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The  radiation  from  the  induced  transition  is  somewhat  differ- 
ent since  it  is  proportional  to  “rot2-  For  the  collisions  under 

consideration  the  scattering  angles  are  less  than  one  degree  for 

impact  parameters  as  small  as  0.1  R . Therefore  w can  be 
r r ua  rot 

2 

approximated  by:  “rot  — S-vn  ^ = — s^n — — . Then  the  average  of 

the  induced  radiation  patterns  must  include  the  weighting  factor 
sin4  5.  These  averages  yield: 

!1’(9)  = 2/32  + 9/32  sin2  9 (10) 

T ' (6)  = 7/32  + 3/32  cos2  0,  (11) 

with  the  result  that  : 1^(0)  + = 12/32  + 6/32  sin2  9.  Defin- 

ing 6 as  the  polarization  fraction  (i.e.,  1(9)  = ct  + 6 sin2  9, 
a + 8 = 1) , we  see  that  0 = 1/3  even  if  no  differential  subshell 
alignment  exists.  With  complete  alignment  6 can  be  as  large  as 
9/11. 


If  we  use  the  maximum  polarization  for  induced  transitions  and 
assume  that  the  induced  transition  rate  is  proportional  to  the 
incident  energy  and  is  equal  to  the  spontaneous  transition  rate 
at  Z3/121  MeV  = 18  MeV,  we  can  describe  rather  accurately  the 
behavior  of  the  polarization  6 as  a function  of  incident  ion 
energy.  The  radiation  pattern  1(9)  is  just  the  renormalized  sum 
of  the  induced  and  spontaneous  radiation  patterns.  Therefore 
assuming  approximate  isotropy  of  the  spontaneous  radiation  yields 


1(9) 

B(T) 


1 + (2/11  + 9/11  sin2  9)  T / 1 8 

o^ 

1 + T / 1 8 

9/11  T 0 

o^ 

18  + T 

o 


(12) 


Figure  2 is  a plot  of  equation  12  along  with  the  measured 
polarization  fraction  8(T)  for  photons  in  the  5-6  keV  energy  in- 
terval (united  atom  limit)  emitted  from  Al-Al  collisions.  The  fit 
with  the  experimental  data  is  remarkably  good  considering  that 
equation  12  is  derived  from  the  theoretical  results  of  Ref.  1 and 
the  cross  section  data  of  Ref.  2 and  contain  no  adjustable  para- 
meters . 

Although  the  data  of  Fig.  2 fit  equation  12  extremely  well, 
there  are  still  many  unresolved  problems.  The  effect  of  the  beam 
energy  on  incident  charge  state  and,  hence,  alignment  has  been 
completely  ignored.  Another  major  concern  has  to  do  with  the  rapid 
rotation  of  the  quasi -molecular  axis.  The  energies  and  impact 
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Fig.  2.  Plots  of  the  polarization  & for  the  photon  energy  bins 

between  5 and  6 keV  (inclusive)  as  a function  of  incident 
beam  energy.  Error  bars  represent  1 sigma.  The  solid  line 
corresponds  to  the  expression  6 = (9/1 1) T/ (T  + 18  MeV) , 
where  the  coefficient  (9/11)  is  derived  in  the  text,  the 
T dependence  is  derived  from  > and  the  cross  over 

between  induced  and  spontaneous  radiation  at  'v  18  MeV 
‘corresponds  to  the  results  of  Ref.  2. 


parameter  where  the  rotational  mechanism  is  important  are  those 
that  give  % “2 • This  means  that  the  angular  velocity  of  the 

intemuclear  axis  is  larger  than  the  angular  velocity  of  even  the 
K-shell  electrons,  therefore  it  is  difficult  to  understand  how  the 
electrons  could  be  in  eigenstates  that  are  approximated  by  molecular 
orbitals.  A final  difficulty  lies  in  that  fact  that  while  the 
molecular  orbital  radiation  is  highly  polarized,  which  implies  con- 
siderable alignment,  the  characteristic  radiation  is  thought  to  be 
more  nearly  isotropic  which  implies  a very  small  alignment. 

ACKNOWLEDGMENTS 

We  thank  Professor  Myron  McKay  for  his  helpful  participation 
in  the  data  acquisition  and  the  ORIC  operating  staff  for  their 
valuable  contributions. 


482  R.S.  THOEETAL. 

REFERENCES 


1.  B.  Miiller  and  W.  Greiner,  Phys.  Rev.  Lett.  3J5,  464  (1974); 

B.  Mtlller,  R.  Kent  Smith,  and  W.  Greiner,  Physics  Lett.  49B, 
219  (1974).  

2.  H.  D.  Betz,  F.  Bell,  H.  Panke,  W.  Stehling,  and  E.  Spendler, 
Phys.  Rev.  Lett.  34,  1256  (1975);  F.  Bell,  H.  Betz,  H.  Panke, 
E.  Spindler , and  W.  Stehling,  private  communication  and  to  be 
published. 


Reprinted  from:  BEAM-FOIL  SPECTROSCOPY,  VOL.  1 (1976) 
Edited  by  Ivan  A.  Sellin  and  David  J.  Pegg 
Book  available  from:  Plenum  Publishing  Corporation 
227  West  17th  Street,  New  York,  New  York  1001 1 


AUTOIONIZING  STATES  IN  HIGHLY  IONIZED  OXYGEN, 

FLUORINE,  AND  SILICON* 

J.P.  Forester,  R.S.  Peterson,  P.M.  Griffin, 

D.J.  Pegg,  H.H.  Haselton,  K.H.  Liao,  I. A.  Sellin, 

J.R.  Mowat,  and  R.S.  Thoe 

University  of  Tennessee,  Knoxville,  Tennessee  37916 
Oak  Ridge  National  Laboratory,  Oak  Ridge,  Tennessee  37830 


INTRODUCTION 

Excitation  processes  in  atoms  or  ions  usually  involve  the  pro- 
motion of  one  of  the  least  tightly  bound  outer  shell  electrons  to  a 
higher  orbital  leading  to  a state  lying  below  the  ionization  thresh- 
old. It  is  possible  however  to  form  highly  excited  discrete  states 
that  are  embedded  in  the  continuum  if  one  or  more  inner  core  elec- 
trons are  raised  to  outer  shells.  In  the  present  paper  we  report  on 
such  states  in  high  Z 3-electron  ions  associated  with  core  excited 
configurations  of  the  type  ls2snH  and  ls2pnH.  Such  states  may  auto- 
ionize  rapidly  via  the  Coulomb  interaction  unless  forbidden  to  do  so 
by  selection  rules  on  this  process.  These  metastable  autoionizing 
states  either  decay  by  radiation  or  autoionize  at  a slower  rate  via 
the  weaker  magnetic  interactions.  The  lowest  lying  quartet  state  in 
3-electron  ions  (ls2s2p)^Pj  is  metastable  against  both  autoioni- 
zation and  radiation.  Our  previously  measured  lifetimes  [1]  for 
this  state  (in  nanoseconds)  are:  S (1.1),  Si  (2.1),  Ar  (0.66), 

Cl  (0.91),  F (15),  and  0 (25).  Radiative  decay  processes  involving 
core-excited  states  have  also  been  previously  observed.  For  example, 
one  type  of  decay  is  an  El  transition  between  two  metastable  quartet 
states  and  another  is  a similar  transition  from  a core  excited  state 
to  a singly  excited  state.  The  probability  of  this  latter  transi- 
tion increases  as  Z^  and  thus  competes  favorably  with  allowed  auto- 
ionization for  the  depopulation  of  such  states  in  higher  Z ions. 
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EXPERIMENTAL  METHOD 

In  the  present  experiment  the  electron  decay-in-flight  spectra 
of  lithium-like  0,  F,  and  Si  have  been  studied,  using  high  energy 
beams  from  the  Oak  Ridge  National  Laboratory  tandem  accelerator.  A 
thin  carbon  foil  placed  upstream  of  the  viewing  region  of  the  ana- 
lyzer served  to  both  strip  and  excite  the  beam  ions.  The  incident 
energy  of  the  beam  was  chosen  to  maximize  as  far  as  possible  the 
desired  charge  state  downstream  of  the  foil  target.  The  ejected 
electrons  were  collected  and  energy  analyzed  using  a second  order, 
double  focusing  electrostatic  cylindrical  mirror  analyzer,  a sche- 
matic diagram  of  which  is  shown  in  Figure  1.  This  analyzer  has  a 
viewing  region  of  0.15  mm  of  the  excited  beam.  The  mean  polar 
acceptance  angle  of  the  instrument  is  42.3  degrees  with  a spread  of 
± 0.09  degrees.  Electrons  passing  through  the  analyzer  are  detected 
by  a low  noise  channeltron  electron  multiplier  situated  behind  the 
exit  slit.  Spectra  were  obtained  by  sweeping  the  voltage  on  the 
analyzer  using  a linear  ramp  offset  by  a preset  D.C.  level.  The 


Figure  1. 


Schematic  of  the  apparatus  showing  the  electron  analyzer. 
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spectra  were  then  accumulated  in  a multichannel  analyzer.  The  posi- 
tion of  the  foil  with  respect  to  the  spectrometer  viewing  region 
could  be  varied  in  order  to  differentiate  between  short  and  long 
lived  states  thus  aiding  in  the  identification  of  the  peaks. 

The  primary  purpose  of  this  experiment  was  to  improve  on  the 
spectral  resolution  obtained  in  previous  measurements  [1]  on  F and 
0 as  well  as  to  study  analogous  states  in  Si.  The  instrumental  res- 
olution was  improved  by  the  use  of  a new  and  larger  analyzer  (de- 
scribed previously)  and  by  the  use  of  thinner  carbon  foil  targets 
(nominal  thicknesses  Zyg/cm^)  to  reduce  energy  straggling  and  mul- 
tiple scattering  effects.  The  spectrometer  was  calibrated  using 
Auger  electrons  emitted  from  inert  gases  excited  by  electron  impact. 
In  these  spectra  the  measured  resolution  was  better  than  0.3%.  The 
well  established  Auger  energies  of  Werme,  Bergmark,  and  Siegbahn[2J 
were  used  to  obtain  the  analyzer  constant. 


RESULTS 


Figure  2 shows  the  spectra  of  autoionization  electrons  emitted 
in  flight  by  a 6.75  MeV  highly  stripped  0 beam  following  passage 
through  a carbon  foil  of  thickness  2yg/cm^.  The  electron  energy 
scale  was  established  using  Hol^ien  and  Geltman's  [3]  value  of 
416.2  eV  for  the  energy  of  the  ^P°(l)  state.  The  notation  used  in 
this  work  will  be  that  presented  by  Hol^ien  and  Geltman  [3].  The 
lower  of  the  upper  two  spectra  corresponds  to  a time  delay  of  about 
0.2  nsec,  with  respect  to  the  upper.  The  ^P°(l)  — ^Pe(l)  splitting 
of  12.9  ± 0.2  eV  measured  in  the  present  experiment  can  be  compared 
with  the  previously  measured  value  of  12±1  by  Pegg  et  al.  [1]  and 
theoretical  values  of  13.1  [3],  13.0  [4],  12.2  [5],  and  14.0  [6]  eV. 
A radiative  transition  is  also  possible  between  these  two  states  for 
which  the  measuredosplitting  of  12.9  eV  corresponds  to  a photon 
wavelength  of  961  A,  which  to  our  knowledge  has  not  yet  been  ob- 
served. The  partially  blended  feature  on  the  low  energy  side  of  the 
4pe(l)  peak  appears  to  be  associated  with  the  autoionization  decay 
of  the  ^Pe(l)  state  of  4-electron  0.  Two  possible  final  states 
exist  for  the  3-electron  ion  |(ls^2p) ^P°,  (ls^2s) ^Se]  leading  to  the 


emission  of  two  discrete  energy  electrons  separated  by  12  eV.  The 
higher  energy  of  these  two  transitions  appear  to  be  present  in  our 
spectrum  in  the  blended  feature  at  438.7  eV.  Another  component  of 
this  blend  is  associated  with  the  decay  of  the  °S°(1)  state  in 
5-electron  0 to  the  (ls^2p^)^Pe  final  state  of  the  residual  4-elec- 
tron ion.  Similar  lines  have  recently  been  observed  in  the  foil 
excited  electron  spectra  of  Be  and  B by  Bruch  et  al.  [7].  The 
structure  at  434.4  eV  in  our  spectra  may  be  associated  with  the  de- 
cay of  the  metastable  state  in  3-electron  0.  The  lower 

spectrum  appearing  in  Figure  2 shows  features  of  higher  energy  which 
are  the  result  of  autoionizing  transitions  involving  n >_  3.  Some 
of  the  lines  have  been  identified  in  Table  I.  The  positions  of  the 


ELECTRON  ENERGY  (eV) 


Figure  2.  Spectra  of  electrons  from  highly  stripped  0 undergoing 
decay  in  flight,  plotted  in  the  rest  frame  of  the  emitting  ion. 
The  energy  scale  is  established  by  assigning  a value  of  416.2  to 
the  l!,P0(l)  peak  [3).  The  continuous  curve  drawn  through  the  data 
is  drawn  to  aid  the  eye. 
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^Se  and  ^P°  series  limits  are  also  indicated  in  the  figure. 

The  autoionization  electron  spectra  of  F is  shown  in  Figure  3. 
The  absolute  energy  scale  was  established  by  assigning  the  value  of 
530.0  eV  [3]  to  the  decay  of  the  ^P°(l)  state  in  3-electron  F. 

Lines  in  the  spectrum  associated  with  the  decay  of  core-excited 
states  in  3-electron  F are  in  many  cases  partially  blended  with  con- 
tributions from  similar  transitions  in  4-and  5-electron  F.  The 
latter  transitions  often  leave  the  residual  ion  in  excited  states. 
The  blending  of  such  lines  makes  it  difficult  to  accurately  measure 
the  separation  of  the  3-electron  features.  Some  of  tbe  possible 
states  are  indicated  in  Figure  3.  The  features  of  the  F spectra 
are  similar  to  those  of  the  0 spectra.  The  energies  of  the  peaks 
measured  in  this  experiment  as  well  as  some  theoretically  calculated 
energies  are  listed  in  Table  I. 


1300  1320  1340  1360  1360 


ELECTRON  ENERGY  CeV) 

Figure  4.  Spectrum  of  electrons  from  highly  stripped  Si,  plotted 
in  rest  frame  of  emitting  ion. 
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Figure  4 shows  a prompt  spectrum  of  electrons  emitted  from  a 
22.5  MeV  foil-excited  and  highly  stripped  Si  beam.  In  a similar 
delayed  spectrum  the  small  feature  at  1303  eV  became  very  prominent 
and  can  be  associated  with  the  ^P°(l)  metastable  state  in  3-electron 
Si.  The  measured  energy  agrees  very  well  with  three  independent 


calculations  [3,4,6].  The  spectral  feature  at  1324  eV  is  probably 
a blend  of  the  ^Pe(l)  and  ^*Pe(l)  states  of  4— and  3-electron  Si  re- 


spectively. The  feature  around  1340  eV  is  a blend  of  lines  associ- 


ated with  the  decay  of  several  possible  autoionizing  states: 

^De(l),  2pe(l)  0f  3-electron  Si,  Qf  4-electron  Si  and  the 

S°(l)  of  5-electron  Si.  Other  features  remain  unidentified  at  this 


time. 
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Lebensdauern  und  Oszillatftrenstarken  von  n=2  Zustfinden  in  Be-lihnlichem  st 


J.P. Forester,  D.J.Pegg,  S.B. Elston,  P.M. Griffin,  K.O.Groeneveld*  R.S. Peter- 
son, R.S.Thoe,  C.R.Vane , I.A.Sellin  (Univ.  Tennessee  und  Oak  Ridge  Nat. Lab.) 

Aus  jilngster  Zeit  liegen  relativistische  Rechnungen  der  Oscillatorenstarke 
von  erlaubten  A n=0  Ubergangen  in  der  L-Schale  von  isoelectrondtschen  Atomen 
der  Be-Reihe  vor.  Wir  berichten  hier  ilber  Beam-Foil  Messungen  in  alien  mag- 
lichen  solchen  tfberg&ngen  von  Be-flhnlichem  S12+.  FUr  die  Flugzeitmessungen 
stand  ein  Schvefelstrahl  (ca.  MeV)  des  ORNL  Tandems  und  ein  "Grazing  in- 
cidence" EUV  Spectrometer  zur  VerfUgung.  Die  theoretischen  ung  experimen- 
tellen  Werte  der  Be-Reihe  von  A n=0  Ubergangen  werden  diskutiert. 

* Permanente  Anschrift:  Inst.  f.  Kernphysik  der  Universitat,  D 6 Frankfurt/to 
+ Gefflrdert  durch:  NSF,  ONR  und  Union  Carbide  unter  ERDA-Vertrag 
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Per  2s  S-2p  P Doublettfibergang  in  Li-Shnlichem  Schwefel 

C.R.Vane,  D.J.Pegg,  S.B. Elston,  J.F. Forester,  P.M. Griffin,  K.O.Groeneveld? 
R.S.Thoe,  I.A.Sellin,  (Univ. Tennessee  und  Oak  Ridge  Nat'l.  Laboratory , Tn  USA) 
2 2 o 

Das  2s  S-2p  P Doublett  in  verschiedenen  Li-Mhnlichen  Ionen  wurde  in  neji- 
eren  Skylabexperimenten  als  besonders  starker  Hochtemperaturilbergang  be- 
obachtet  und  dient  in  Plasmauntersuchungen  zur  Temper atur diagnose . Die  dazu 
verwendeten  Daten  und  frilhere  Labormessungen  stimmen  nicht  ilberein.  Die 
hier  vorgelegten  Daten  der  Doublettaufspaltung  von  Li-ahnlichem  Schwefel 
nach  Foliebanregung  bes^tltigen  die  o.g.  Skylabmessungen.  Ausserdem  vurden 
Lebensdauern  von  den  2p  P? o/p  Niveaux  in  Schwefel  mit  einer  Beam- Foil 
Flugzeitmethode  bestimmt.  / ’ ' Die  daraus  berechneten  Oszillatoren- 
stUrken  verden  mit  werden  mit  neueren,  relativistischen  f-Wertberech- 
nungen  verglichen. 

* Permanente  Anschrift:  Institut  f.  Kernphysik  der  Univ.  D 6 Frankfurt/M 
+ Gefttrdert  durch  KSF,  ONR  und  Union  Carbide  unter  ERDA-Vertrag 


( 


4-1  O 


y 

N O -5 
•H  -H  Ml 

d m io 

o y co 

n d 

•a*H 

•h  d • 
tcj  • — I 1 — • 


•g>3 

O'— '.J 

" b.Sfi 

do  i3 


O O 
J)  3H 
> 13  3 

2 g s 

rM  n 

to^frS 

M O *H  -H 
O <-t  O M 
(U  O O d 
. _ <D  4-1  m3  fH  M 

ffl  ^ 1 O *H 

, bo+3  o X > U 


CJ  • O 
O O d m3 

d r-t 

CLM3  T)  > 

•H  O O 

co  d 
tO  o 

o t-t  vo  • 
- CL  CL  T3 
K \tf  O 
•MOO  M 

„„  3 mo 

to  mo 

3 3 •f  - 

« O 013  W 
m m3  mo  -h  d 

d m £ Q 
0>  0 6 
K'd  & Si o 

•H  r-(  d C T3 

d 3 m3  -H 
O O H d 
ai:  w_  (1) 
£<  d tj  o 
o q mo 
• H M 
M ’H  O 

° R £ 

O -r}  d 
W HX 


ctJ  q 
M '3 
d 
to  O 
d (h 
tO  MO 


4 an  cj 
to  d,-H  d 
h o ,o  m 
rlQ'M  W 


d 

•H 

'I 


to 

to 

to 

•r-C 

d 

m 


CO 


to 

d 

O 


3 

o 

<0 

H 

ctf 

<y 

<D 

t/> 


CM 

t^ 


CTi 

LO 


o 

rQ 


>2 

o 

+-» 

o 


u 

s 


8 


X 

PL, 

— 

M 

d 

O 

•s 

d 

Ml 

Pi 

* 

,.5 


PQ  ' 

•».  rH 
Ln|  • o 
PQ  ^co 

10  X << 

i>  . . 

Ol  *-J  *-C 

t d ^ 

^•HC 

•'ll  M 
M O CO 
q M3  <-i 
u 10  w 

• 

.-§« 
•3  O 

S-J 

O O 
• CO  M 01 

. C bo  d 
CL  O to  - o 

M3M  d 8 O 

g g«-9* 

d o • d • 

o ci,  co  > co 

CO  d 

, o o • • • 

nS  U t-j  •-)  03 

H«  *H  CM 


X 

M3 

• TJ 

<0  o 

£.h 

£ 

o 


M C4 
2^ 
« 13 

Q CO 

y 

, ■ * rC 

2 P, 

•3  d 
d d 

d i — t 

3 
* u 

•3  O 
rH  rH 

2 JQ 

d 


•8 

1 

2 


•3 


U 


o 

• y 

*“3  < 

» d 
d *h 


o 

d 

o 

M 

O 

P-4 


CO 


oS 


tOr-t 

POtH 

o o 

P,  CO 


*3  < 


PL 


VO 

t-'. 

Oi 


1° 

,g 


co 

10 

o 

d 

CL, 

0 

1 


Q'-'  8 
d • — v CO 
■ H to  d 
HN  O 
r-l  CO  13 
O <-4  O 
CO  v— ' PQ 

t It-  • 
< CO  PQ 

• ^ 
-to 

M tO 

• d • o 
•3  2:  M M 
O Q M d 
M3  2 O PQ 
tO  Ml 

rH  P3  • P3 

8 • o • 

PL>"5  X Q 

ro 


i 


Abstract  Submitted 


for  the  Linco.1i.,  Nebraska  Meeting  of  the  y 

American  Physical  Society 
December  6-8,  1976 

Physics  and  Astronomy  Bulletin  Subject  Heading 

Classification  Scheme  in  which  Paper  should  be  placed 

Number Atomic  Collisions 


Measurement  of  the  H*+H  Charge  Exchange  Cross 
Section,  0.8-2. 5 McV.  L.  D.  GARDNER''  , P.  M.  KOCH,  J.  E. 
BAYFIELD1 , Yale  Univ. ; H.  HAYDEN,  Univ.  of  Connecticut; 

R.  T1I0E,  J.^  FORESTER,  D.  J.  PEGG,  I.  A.  SELLIN,  Univ.  of 
Tennessee.  - — The  total  electron  capture  cross  section  for 
protons  in  atomic  hydrogen  was  measured  by  passing  a 
highly  collimated  high  energy  proton  beam  from  the  OREL 
EN  Tandem  Accelerator  through  a thermally  dissociated 
hydrogen  gas  target.1  The  target  thickness  was  deter- 
mined by  a calibration  procedure  involving  an  auxilary 
low  energy  ion  source  and  the  observation  of  single 
electron  capture  by  20  keV  protons  and  He+  ions  in  argon. 
A dissociation  fraction  of  0.89  was  measured  using  the 
low  energy  ion  source  by  observing  double  electron  cap- 
ture by  20  keV  protons  from  the  residual  molecular  hydro- 
gen. The  measured  cross  section  c^g(H)  has  a magnitude 
of  4. 5+1.3  x 10~22  cm2  at  1 MeV  and  decreases  with  energy 
as  E""^,  p=4. 4+0. 2.  This  is  in  disagreement  with  the 
results  of  the  First  Born,  Second  Born,  and  first  order 
Fadcev-Watson  approximations. 

^Present  address;  Dept,  of  Physics  and  Astronomy,  Univ, 
of  Pittsburgh. 

*Supported  by  the  Division  of  Physical  Research  of  US 
ERDA. 

JJ.E.  Bayfield,  Rev.  Sci.  Ins.  40,  869  (1969). 
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A Beam-Foil  Study  of  the  2s2S-2p2P°  Doublet  in 
Li-like  SulTuf.?:  CT.ll.  TAK’i '"lOTTEXiG,  S.B.  ELSTON , 

J.F.  FORESTER,  P.M.  GRIFFIN,  K.-O.  GROENEVELD+,  R.  S. 

. PETERSON , R.S.  THOE,  and  I. A.  .'.ELLIN,  U.  Tenn.  and  ORNL.- 
Recently  there  have  been  reports  of  observations  olTTHe 
2s2S-2p2P°  doublet  in  highly  stripped  Li-like  ions  made 
aboard  Skyl ab  during  solar  flare  events.  This  doublet 
was  among  the  strongest  of  the  high  temperature  lines  ob- 
served tind  was  used  as  a diagnostic  of  the  plasma  tem- 
perature. It  appears  that  there  is  a disagreement  be- 
tween the  doublet  splittings  obtained  there  and  from  an 
earlier  laboratory  measurement.  We  have  investigated 
this  driblet  splitting  in  Li-like  sulfur  using  foil- 
excitation  and  the  results  confirm  the  aforementioned 
Sky lab  data.  In  addition,  we  have  measured  the  radiative 
lifetimes  of  the  2p2Pi/2)  3/2  levels  employing  the  usual 
beam-foil  time-of-flight  method  and  have  derived  corre- 
sponding oscillator  strengths  which  will  be  compared  with 
recent  relativistic  f -value  calculations. 

*Research  supported  in  part  by  NSF,  ONR,  and  Union 
+Carbide  Corporation  under  contract  with  ERDA. 
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Radiative  Lifetimes  and  Oscillator  Strength  for 
the  n-2  States  of  Be -Tike  SulTuFT"  j.P.  l-'ORBSlliR,  D.J. 
PJBGG,  S.B.  ELSTON , l’.M.  GPJ1TTN,  K.-O.  GROENEVELD+ , R.S. 
PETERSON , R.S.  THOR , C.R.  VANE,  I. A.  SELLIN,  U.  Tenn. 
and  ORNL.--  Tliere  has  been  considerable  theoretical  ac- 
tivity recently  in  calculating  relativistic  oscillator 
strengths  for  allowed  An=0  transitions  within  the  L shell 
of  ions  in  the  Be -sequence.  We  report  here  on  a beam- 
foil  investigation  made  in  our  laboratory  on  all  possible 
such  transitions  in  the  Bc-like  ion,  S12+.  The  time-of- 
flight  lifetime  measurements  were  made  using  an  'v  45  MeV 
sulfur  ion  beam  from  the  ORNL  tandem  accelerator  and  a 
grazing  incidence  spectrometer  to  collect  and  disperse 
the  resulting  foil-excited  ElIV  radiation.  Comparisons 
between  theory  and  experimental  beam- foil  results  Avill 
be  made  along  the  Be -sequence  for  the  An-0  transitions 
studied  here. 

^Research  supported  in  part  by  NSF,  ONR,  and  Union 
Carbide  Corp.  under  contract  with  ERDA. 
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Mass  Dependence  of  Ne  K X-Ray  Yields  from  Ne  -Ne: 

• Collisions  at  keV  Energies . * R. S . Pf'iinS0N7  X BXELSTOT, 
;I.A.  SliELlMT  Un-tv.  of'  Tennessee  and  Oak  Ridge  National 
•Laboratory,  R.  LAUBERi , J-'.K.  GTEN,  and  C.A.  PETERSON, 

,Kew  YorkUniversity. --  Ne  K x-ray  yields  from  ANe+-BNe 
: collisions  Tor” X, II  = 20,22  have  been  measured  for  beam 
energies  between  60  keV  and  220  keV.  While  x-ray  yields 
were  found  to  scale  with  equal  relative  velocities  for 
the  highest  beam  energies  used,  significant  deviations 
from  this  scaling  were  measured  at  the  lower  beam  ener- 
gies. The  possibility  of  equal  center -of-u ass  energy 
scaling  was  tested;  the  measurements  indicated  deviations 
from  this  scaling  for  all  bean  energies  for  symmetric 
mass  collisions.  Comparisons  of  this  mass  dependence  for 
symmetric  collisions  have  been  found  to  agree  well  with 
new  theoretical  calculations. 
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